Local climate services become increasingly necessary in making adaptation to our changing climate more understandable and manageable. The ability of current climate information to develop and support local climate services for water resources management in close collaboration with local users of the water sector from the island of Crete is being explored. Climate modeling output ranging from event scale to decadal and centennial experiments, at hourly to monthly temporal scales and at high resolution (2 Km) to GCM spatial scales (100-250 km), are used to assess climate change impacts on water resources availability and extremes. A robust signal of temperature increase and precipitation decrease is projected for all future periods, in parallel to an increase in magnitude of extreme precipitation. Several messages could be extracted from the provider -user interaction such as the communication of basic concepts and uncertainties, user skepticism and feedback. The frequent personal contact, the communication in layman's terms of the limitations of the climate impact modeling and the corresponding uncertainties, is the key to successful provisions of suitable information.
Background and user needs
Climate is changing and so is the perception about the impact of human intrusiveness. The increasing demands of the growing population will put further pressures on the climate and the environment. In order to meet the challenges of climate change the development of both climate modelling and science for climate services is required (Hewitt et al. 2012; Hewitt et al. 2013) . The provisions of suitable information on climate change and variability for supporting decision making at all levels of society can be described as climate service (Vaughan & Dessai 2014) . The current situation in the field of climate services can be characterized by increasing needs and by the need to adjust practices and procedures adjustment in order to offer modern products and services, meeting the needs of a changing society (Bokoye et al. 2014; Guido et al. 2013) .
Regarding the water sector, climate change is likely to increase the regional and global water stress considerably. A 15 % of the global population will probably face a severe decrease of water availability from 2°C warmer climate, based on an ensemble of global hydrological projection (Schewe et al. 2014 ). In the majority of climate impact studies Mediterranean is projected as one of the most vulnerable areas to climatic and anthropogenic changes (Navarra & Tubiana 2013) . Model projections reveal a continual and gradual warming trend while exceptional hot summers during the control period may become "typical" by the end of the 21 st century (Kostopoulou et al. 2013) . Decreasing annual rainfall trends and an increasing number of extreme precipitation events are present in most projections from both global and regional climate models and are consistent across emission scenarios, concentration pathways and future time periods (Ludwig et al. 2011) . Currently, the southern and eastern rims are experiencing high to severe water stress induced by human and climatic drivers. Future scenarios for water resources in the Mediterranean region suggest a progressive decline in the average stream flow (García-Ruiz et al. 2011; Murray et al. 2012) . By the 2050s, this stress could increase over the whole Mediterranean basin, notably because of a 30-50 % decline in freshwater resources as a result of climate change (Milano et al. 2013 ). Models foresee a robust largescale change of the surface water balance and the partitioning of precipitation between evapotranspiration, runoff, and groundwater flow (Schewe et al. 2014; García-Ruiz et al. 2011; Arnell et al. 2011; Tsanis et al. 2011) . At the same time increasing climate change induced temperatures will most likely increase the need for irrigation in agriculture. Irrigation potential will be reduced by decreasing runoff and aquifer recharge. Overexploitation and water conflicts will also probably increase between different water consuming sectors (Santos et al. 2013) .
The current financial stress of the southern European countries and the continuously reduced national investment programmes call for low cost, short and long term water management strategies in order to tackle the climate induced changes in water resources ). All the above indicates the necessity to improve and update local water management planning and adaptation strategies in order to attain future water security, and thus specialized climate services supporting these actions is of crucial importance. Climate services have to be tailored to the local context. There is an increasing call for local measures to adapt to climate change, based on foresight analyses in collaboration with actors. However, such analyses involve many challenges, particularly because the actors concerned may not consider climate change to be an urgent concern (Faysse et al. 2012) .
The objective of the study is to present in detail analysis and post-processing of climate output for the extraction of climate information in its most useful and manageable form, meeting the needs of a local user of the water sector, the Directorate of Water of the decentralized administration of the island of Crete. The Directorate of Water is responsible for the water distribution and availability. Planning involves domestic and irrigation use infrastructure and policy development. Currently the Regional Authority owns a large number of hydro-meteorological stations over the island that allow for an adequate modelling of the current conditions. The availability of future climate data, during the 21 st century, is crucial for the development of water management scenarios and risk assessment of future water availability. Moreover the Directorate of Water as the general water managing authority in the Prefecture of Crete is also responsible for the implementation of the European Water Framework Directive (WFD) for the corresponding hydrological compartment (GR13). The implementation of the WFD is based on 6 years term management plans. The first draft management plan was developed during the course of the ECLISE project and information regarding short term experiments such as decadal projections was considered as very useful and appropriate for this application. At the same time, an assessment of the severity and frequency of future precipitation extremes is also important in order to update the policies infrastructure design.
Interaction with the local management authority lead to the identification of the user needs. Figure 1 illustrates the identified user needs, associated source of information and corresponding temporal scales. These needs are related to climate modelling outputs ranging from event scale to decadal and centennial experiments, at temporal scales ranging from hourly to monthly, and at spatial scales from very high resolution regional climate models (2 km) to typical GCMs (100-250 km).
Centennial scale experiments were used in order to assess climate change impacts on water resources availability combined with estimates of the potential future water demand of the island of Crete. A Grand Ensemble of specialized hydrological information was structured from 45 realizations by seven GCMs within the frame of CMIP5 (under RCPs 2.6-14 realizations, 4.5-16 realizations and 8.5-15 realizations), from three GCMs (under SRES A2 and B1, in the frame of CMIP3 -one realization) and from 10 RCMs downscaling eight CMIP3 driving GCMs (ENSEMBLES FP6, under SRES A1B -one realization). Each member of this ensemble was bias adjusted against local observations. The range of projected information among the different emission scenarios, different climate model setups and scale represent a wide range of the uncertainty assessed in the projected hydroclimatology of the region. The continuous rainfall-runoff model SAC-SMA was used to estimate the hydrologic impact during the 21 st century for the study area. Water availability for the whole island was then estimated for a range of different scenarios of projected hydro-climatological regime, demand and supply potential. Regarding the shorter term water management planning according to the European Water Framework Directive (WFD), the ability of decadal GCM prediction experiments to reproduce basic hydro-meteorological variables like precipitation and temperature, was also examined.
In terms of potential future changes in extreme events related to precipitation the recurrence intervals of specific magnitude was studied using the Annual Exceedance Probability (AEP) approach. Additionally, three special cases were framed, for demonstrating high resolution climate modeling applications of extreme flood events over the case study area and the evolution of the corresponding events at a +2°C warmer climate. This application had a dual purpose, firstly to convince the user for the capabilities of climate modeling against scaling uncertainty and secondly to test the high resolution modeling capability of realistic representation of such events.
The final product of the communication with the end user and the research instigated by this interaction, were technical reports, future climate statistics and time series on meteorologic variables and rainfall-runoff simulations supporting water availability decision-making, as well as statistics of projected precipitation extremes in terms of recurrence intervals delivered to the Regional Authority for Water Resources Management of Crete.
Area of study and climate information

Study area
The island of Crete occupies the southern part of the country of Greece (Fig. 2) and with an area of about 8300 km 2 , Crete covers more than 6 % of the area of Greece and is the 5 th largest of the Mediterranean islands. The mean elevation is 482 m and the complex topography carved by ephemeral streams shaping small steep catchments. The climate is dry sub-humid Mediterranean characterized by warm dry summers and cold humid winters. More than 40 % of the annual precipitation occurs in the winter months. Average precipitation ranges from 440 mm/year on the eastern part of the island to more than 2000 mm/year on the highland western parts, where orographic effects tend to increase both frequency and intensity of winter precipitation Koutroulis et al. 2012) .
Total water use in the region in 2000 amounted to 420 million m 3 , approximately 6.3 % of the precipitation of a normal year (Papagrigoriou et al. 2001 ). 16 % is used for domestic, tourist, and industrial uses, 3 % for livestock and a vast 81 % for irrigated agriculture on less than 30 % of the total cultivated land (Fig. 2) , using mainly ground water in drip irrigation methods.
The intense development of Crete during the last decades has exerted strong pressure on many sectors in the region. Summer irrigation and summer (beach) tourism create peak demands with an annual volume of water abstracted exceeding 50 % of the average annual runoff and 35 % of the groundwater potential. Despite the recent financial crisis, water use in Crete is continuously increasing. The Crete region has also suffered from numerous severe flood and flash flood events in the past decades. They have been the result of a combination of factors ranging from extreme climatic conditions and poor flood mitigation measures. Upgrading facilities for extreme events readiness is a major effort.
Local datasets
The observational dataset for the assessment of the water resources availability is structured from records in the period A detailed description of the events is included in (Sobolowski et al. 2014) .
Long term transient experiments
The ensembles dataset Ten (10) different RCMs runs of the Ensembles FP6 project ; Van der Linden 2009) focusing on the Island of Crete over the European continent were used, at a horizontal resolution of about 25 km. The RCMs' lateral boundary conditions were provided by 8 GCMs (CMIP3) for the period 1951-2100 (Table 1 ).
All simulations were forced using observed GHG greenhouse gas and aerosol concentrations until 2000 and SRES A1B concentrations scenario until 2100. Specific metrics based on distribution matching and seasonality representation criteria (Hesselbjerg Christensen et al. 2010) were used for the synthesis of an optimal ensembles. Details on regional climate models skill-weights is described in detail by Koutroulis et al. (2013) as well as the procedure followed to adjust precipitation and temperature for biases.
The WATCH dataset
Six additional datasets available for the period 2001-2100 based on 3 different cMIP3 GCMs (Echam5, IPSL, and CNRM) and two emission scenarios (A2 and B1), at a spatial resolution of 0.5°, were used for analysis. These datasets were developed in the context of WATCH FP6 European funded project (Weedon et al. 2010; Haddeland et al. 2011) and are publicly available from the Centre of Ecology and Hydrology (CEH) through [https:// eip.ceh.ac.uk/]. Further information about data processing are detailed by Koutroulis et al. . (Kjellstrom et al. 2005) 10 DMI HIRHAM ARPEGE (Christensen et al. 2006) The COMBINE dataset
The main aim of COMBINE FP7 European funded project was to implement new processes in ESMs in order to advance climate prediction and projection capabilities. Outputs from four Earth System Models (CMCC-CESM, MPI-ESM-MR, HadGEM2-ES and NorESM-M) and three AOGCMs (EC-EARTH, IPSL-CM5-LR and CNRM-CM5) were analysed within COMBINE framework (Table 2) , under three Representative Concentration Pathways (RCPs 2.6, 4.5 and 8.5) for a total of 45 realizations, and used in the ELCISE project as climate information of the new CMIP5 modelling experiment. These models covers an adequate range of climate sensitivities in the CMIP5 experiment (Sherwood et al. 2014; Andrews et al. 2012) . The spatial resolution of the models used ranges from 1.125 to 3.75°.
Decadal prediction experiments
Decadal prediction experiments within the CMIP5 protocol were also analyzed in order to examine the ability of realistic reproduction of decadal trends and number of wet and dry years useful for short term resources planning. A large number of different initializations and realizations (totally 439) from five contributing models (Table 3) were analyzed. More specifically, the decadal predictions experiments have been performed following the WCRP/CMIP5 protocol (Taylor et al. 2012 ) with simulations starting from 1960 and every five years up to 2005. Regarding initialization strategy, CMCC-CM was initialized using full-values from three different ocean analyses using the CMCC-INGV ocean syntheses (Bellucci et al. 2007; Storto et al. 2011 ) and different assimilation methods. For CNRM-CM5 initial states were produced from coupled experiments in which a surface flux correction was applied to constrain SST. EC-Earth used a full initialization approach using the ECMWF/ NEMOVAR adding small perturbations to the atmospheric initial state. The initial conditions for the 10 HadCM3 (Smith et al. 2007 ) hindcasts were produced by randomly perturbing the SSTs slightly with white noise. MPI-ESM-LR, which is the only Earth System Model (the previously described models are AOGCMs), hindcasts were based on an assimilation run performed by nudging temperature and salinity anomalies from the ORAS3 reanalysis (Kröger et al. 2012 ).
Non-hydrostatic high-resolution RCMs experiments
High-resolution non-hydrostatic regional climate modelling experiments (NHRM) were conducted for the selected cases over the island of Crete (Sobolowski et al. (2014) . Three models (i) HCLIM by SMHI (Lindstedt et al. 2013) , (ii) HARMONIE by KNMI (Van der Plas et al. 2012) and (iii) WRF by UNI (Hong & Lim 2006) , were set up and run for a model domain covering the island of Crete at a past climate and a warmer climate (+2°C) mode. All models were set up at a convective permitting resolutions of about 2 km for a domain covering Crete island, extending from 34.0 N, 22.4 W (lower left corner) to 37.2 N, 27.7 W (upper right). Simulations were performed for the three selected extreme events, starting one or two days ahead, leading to three time slices of about four to five days. Model were run for two sets of experiments, the present day (real cases) and the warmer climate (+2°C) situation. Present day simulations performed using lateral boundaries from downscaled ERAInterim reanalysis (Dee et al. 2011 ) with frequent reinitializations (every 6 h). REMO regional climate model was used to dynamically downscale the ERA-Interim at approximately 12 km resolution. Similar simulations, but with a perturbation of +2°C that was applied uniformly to the lateral and surface boundary conditions were conducted for the representation of warmer climate conditions.
Methods
Case study framework
An established assessment framework was used which was based on a previous study but also extended from communication and new interactions with the user during the project (Fig. 3) . The climate models output analysis was based on one 30-year and two 50-year discrete periods over Crete in the COMBINE, WATCH and ENSEMBLES domains as illustrated in Fig. 3 . The control period was used for weighting of EN-SEMBLES RCMs, bias correction of COMBINE, WATCH and ENSEMBLES model results and interpretation for the two future (2000-2050 and 2050-2100) periods. The projected hydrologic regime was also distinguished in two time periods (2000-2050 and 2050-2100) for the three pathways (RCPs 2.6, 4.5 and 8.5) and three emission scenarios (B1, A2 and A1B) based on the hydrologic simulation of the COMBINE, WATCH and ENSEMBLES climate model input data through continuous rainfallrunoff modelling.
Bias adjustment
In order to optimally remove the systematic bias of the modeled precipitation, a new methodology that was developed in the frame of European funded projects, including ECLISE FP7, is applied to climate model outputs. The methodology belongs to the widely used family of quantile mapping correction methods. The method uses different instances of gamma function that are fitted on multiple discrete segments on the precipitation CDF, instead of the common quantile-quantile approach that uses one theoretical distribution to fit the entire CDF. This gives the method the ability to better adjust raw climate model statistics towards the observations. The selection of the segment number is performed by an information criterion to poise between complexity and efficiency of the transfer function. The methodology was tested on CMIP3 global climate models resulting to a very good performance in reducing the systematic biases of the climate model data. Details of the methodology and the validation are presented in (Grillakis et al. 2013 ).
For decadal predictions we adopted a simple correction method that adjusts both mean and standard deviation by applying the average difference from the observations and a stretch factor obtained from the ratio of standard deviations of observations and model outputs (Haerter et al. 2011 ).
Hydrologic modelling
Hydrologic modelling was performed with the use of the continuous rainfall-runoff model SAC-SMA (Sacramento) model (Tsanis & Apostolaki 2008) . Precipitation and potential evapotranspiration are used as model inputs to generate an estimated flow which can be used to calibrate the model with a genetic algorithm optimization process (Wang 1997) . The objective function of the optimization is the Nash-Sutcliffe model accuracy statistic. An optimization method based on genetic algorithms was used Model  1970  1975  1980  1985  1990  1995  2000  2005  2010   CMCC-CM  3  3  3  3  3  3  3 in 17 gauged basins using a monthly time step. In general, the calibration yielded satisfactory results with the NashSutcliffe criterion between 0.51 and 0.90. The averaging for all 110 basin parameters was implemented using a "naïve" parameter to make estimations for the total area of the island of Crete .
Annual exceedance probability
Changes in the recurrence intervals of specific magnitude events are studied using the Annual Exceedance Probability (AEP) approach (Eash et al. 2013 ). Generalized Extreme Value (GEV) distributions are fitted on the annual maximum values of precipitation (the maximum of each year). Following the rule that a theoretical curve can be extended to as far as the double size of the fitted sample, it is safe to extrapolate the distributions to as far as 1 % AEP (Grillakis et al. 2011; IACWD 1982; Swain 2004) . The agreement of the estimated AEP between the observed and the bias corrected historical data is also an indicator of the quality of the bias correction and therefore for the respective results of the projection period data.
Results
Projections of water availability
The already insufficient water availability is projected to decrease and current water stress will further intensify. For all emission scenarios the signals of increasing temperature and decreasing precipitation and water availability are robust. Table 4 summarizes the projected hydrological changes for all pathways/scenarios and multi-model ensemble for the two reference periods according to the water resources assessment framework for Crete (Fig. 3) . Detailed results for ENSEMBLES and WATCH FP6 modelling results are included in Koutroulis et al. 2013 ) so the present study is focused more in the outputs of the new COMBINE (CMIP5) model outputs illustrated in Fig. 4 to see where these lie in the range of results from the previous modeling efforts. Projected precipitation, temperature and water availability based on RCPs 2.6, 4.5 and 8.5 are shown in this figure. It is also important to note that projections for RCPs 2.6, 4.5 and 8.5 and for the SRES A2 and B1 are based on CMIP5 and CMIP3 GCMs with an average resolution about 1.5°compared to the A1B results that comes from higher resolution (25 km) RCMs runs.
A parallel increase of temperature with higher concentration of greenhouse gases is expected for the region of Crete resulting in a reduction of precipitation and therefore available water resources. The increasing temperature trend as projected by the multi-model ensemble ranges from 0.28°C/decade according to RCP2.6, to 0.34°C/decade for RCP4.5 and 0.59°C/decade for RCP8.5. The corresponding precipitation trend range from a slight negative for RCP2.6 to a negative 0.9 %/decade for RCP4.5 and −2 % for RCP8.5. The combined effect on water availability is an approximate decreasing trend of 2 %/decade for RCPs 2.6 and 4.5 and −3 %/decade for RCP8.5. The similar decreasing water availability trends for RCPs 2.6 and 4.5 could be an indication that the main driver of the reduction is temperature increase leading to increased evaporation losses.
Temperature increase for the 2000-2050 reference period ranges between 1.4 and 1.9°C with an average multi-model range of roughly ± 0.5°C. Both the rising intensity of the temperature (2.0-5.1°C) and the range of the projections are increased for the next reference period (−2.2 to +1.3°C) as can be seen from the results included in Table 4 .
Multimodel GCM outputs presents a blended signal of a generally slight reduction of precipitation in the range of −5 % to +6 % compared to baseline. ENSEMBLES results based on RCMs outputs indicate a more severe precipitation reduction. This signal is enhanced in the subsequent reference period (2050-2100) with models showing a precipitation decrease ranging from roughly −2 % according to RCP2.6 to about −20 % for RCP8.5 and A2 and −25 % for A1B.
Scenario B1 is the generally milder in terms of impact on water availability B1 is projected. Especially for the period 2000-2050, while precipitation remains practically the same to the baseline period, water availability is projected to increase. The increase in water availability can be attributed to shorter precipitation periods around the winter season (combined with less evaporation) and higher precipitation events resulting to increased winter flows. Specific water engineering is necessary for the retention and storage of the ephemeral flows. This is not only the case for the B1 scenario as the shortage of rainy period is a common characteristic of all the projections. Generally projections under A1B scenario foresee more pronounced precipitation and water availability decrease when compared to even "higher-end" scenarios like A2 and RCP8.5 (Table 4 ). This could be attributed to the spatial scale of climate models used for each scenario (RCMs for A1B and GCMs for all the rest of scenarios). For the second reference period 2050-2100 the deterioration of water availability is more pronounced and robustly projected for all scenarios, ranging from −10 % for B1 and −19.8 % for RCP2.6 mild scenarios to about −30, −40 and −50 % for the RCP8.5, A2 and A1B scenarios, respectively.
Relative changes from multi-model projections for the 2050-2100 period and for each SRES and RCP are plotted against the corresponding radiative forcing of the scenario at the end of the 21 st century in Fig. 5 . There is a clear signal of higher temperature change with increased radiative forcing despite the differences on type of models (CGMs or RCMs), number of models and realizations. Regarding the changes in precipitation and water availability for the same period it is worth noting that the decrease of water availability with the increase of radiative forcing is by an average of 10 % Average annual precipitation is expected to be slightly decreased (−1.2 %) with a parallel increase of temperature by 1.5°C on average that could lead to a decrease of about 6.4 % in availability. GCMs; 7; 16] Precipitation is projected to slightly decrease (−3.2 %) and combined with the slightly higher (compared to RCP2.6) temperature increase 1.6°C, could result to an average decrease in availability by 2.8 %.
ΔΤ (°C) 1.5 1.1 2.1 GCMs; 7; 15] Projections show an average decrease of 4.6 % in average annual rainfall and an average temperature increase of 1.9°C, leading to a water availability decrease by 14.1 %.
ΔΤ (°C) 1.9 1.4 2.6
Projected average annual precipitation is expected to be slightly higher (by 0.5 %) than the control period . Average annual temperature (16.3°C of 1970-2000 period) could increase by an average of 1.5°C. We could expect an average increase of water availability by 5 %.
ΔΤ (°C) 1.4 1.1 1.9
A2 [GCMs;3;1] Annual precipitation could slightly decrease (by 2.2 %). Average annual temperature could increase by an average of 1.4°C and average water availability could be slightly reduced (−2 %). enhanced compared to precipitation reduction, reinforcing the assumption that temperature increase is an important factor of the hydrological change, and is a key factor for the "low-end" scenarios. The same does not apply for the first reference period in which the change in the water availability is almost equal to the change in precipitation (not shown here). It is however important to state that the range of projections for A2 and B1 is limited compared to the rest of the scenarios due to the limited number of models used (three).
Decadal predictions
The need of periodic update (every six year) of the water management plans lead to the examination of the ability of decadal prediction experiments to reproduce temperature and precipitation parameters over Crete based on a set of 439 realizations from Earth System Models (ESMs) within the CMIP5 protocol. A summary of simple performance metrics like mean, standard deviation and coefficient of variation of monthly mean precipitation and temperature values are included in Table 5 . It is obvious that decadal predictions are highly biased following their imperfect climatology (Meehl et al. 2009 ) over the study area. Biases are ranging from −55 to −70 % for precipitation and from 0.4 to 2.5°C for temperature. These biases could be caused by imperfections in sub-grid scale climate model conceptualizations and the still course spatial resolution and were removed by applying the simple method described in section Bias adjustment. Figure 6 presents the correlation coefficients for annual precipitation and temperature over Crete from each CMIP5 model decadal predictions as a function of lead time. Period of 4 years duration at all available lead times with respect to start of the prediction period were examined (as a common practice in decadal skill examination (Ho et al. 2012; Eade et al. 2014; Kim et al. 2012) ). Multirealization skill in terms of correlation with observation exceeds the skill of the best available realization so timeseries of multi-realizations mean annual precipitation and temperature were used for each contributing model. CMCC-CM exhibits the best overall correlation performance for precipitation despite the fewer realizations and this could be attributed to the specific full value initialization technique that was adopted using the CMCC-INV ocean synthesis. Correlation coefficients for this model (CMCC-CM) are higher for lead times of 3-6 and 4-7 years (around 0.5) and of the order of 0.3 for three out of five models at lead time 2-5 years. Correlations skill is higher for temperature and especially for CNRM-CM5 that is improved for short and medium lead times. The high performance of CNRM-CM5 could come from externally forced initial states of constrained SST from a flux correction.
In order to answer the question: What was the performance of the prediction over random chance?, bias adjusted results were examined for the ability to capture number of "wet" and "dry" years and number of "hot" and "cold" years (Table 6 ). Years with total annual precipitation below the 20 th percentile (<780 mm) of the control period 1970-2000 were defined as "Dry", while years over the 80 th percentile (>1100 mm) were defined as "Wet" (for both observations and bias adjusted model outputs). Similarly, years with average annual temperature below the 20 th percentile (<15.9°C) of the control period 1970-2000 were defined as "Cold", while years over the 80 th percentile (>16.7°C) were defined as "Hot". EC-Earth and HadCM3 shows the ability to more realistically predict the number of "wet" and "dry" years on average. Especially for the 1990-2000 high variability decade, HadCM3 was able to predict 3 of 4 observed wet years and 2 of 3 observed dry years. Similarly for temperature HadCM3 has the better performance in predicting "hot" years on average but not the same applies for "cold" years.
The low resolution of the models when compared to the size of the study area could be one of the main reasons of the biases in decadal predictions. Experiments with a horizontal resolution of the order of one or more decimal degrees cannot capture and resolve local scale processes. Despite these limitations, results presented above shows signals of valuable information in practice. Therefore, dynamical downscaling of the large scale signals provided by the GCMs could potentially reveal improved prediction skill at decadal time scales.
Precipitation extremes: annual exceedance probability of maximum daily precipitation and higher percentiles Projected changes in precipitation extremes were communicated in terms of changes in Annual Exceedance Probability (AEP) based on annual maximum precipitation values. Annual Exceedance from 5 % Probability (20 years return period) up to 2 % (50 years return period events) were estimated at station level based on daily precipitation records at 52 locations over Crete (observations), control period runs using the 25 km RCMs from ENSEMBLES project and three projection periods (2010-2040, 2041-2070, 2071-2100) . Based on 30 years long time-series it is safe to extrapolate up to 2 % AEP (50 years return period) and results presented below are based on these estimates. Generalized Extreme Value (GEV) distribution was used to model the annual rainfall maxima.
Projections were obtained from the most complete in terms of models number and more detailed in terms of spatial resolution simulations of ENSEMBLES FP6 project (Van der Linden 2009), forced using observed GHG greenhouse gas and aerosol concentrations until 2000 and SRES A1B concentrations scenario until 2100. Simulations from 10 RCMs were retrieved and adjusted for biases at station level against daily precipitation records using a multi-segment bias correction method that performs better especially for extremes values, compared to methods using one theoretical distribution to fit the entire CDF or distribution free methods. The coarse density of the station network over the western part of Crete results to biased results based on a few stations.
The effectiveness of the bias correction method to realistically adjust climate modelled precipitation maxima close to observations is presented in Fig. 7 (three upper panels). The average bias of 50 years return period extreme values (2 % AEP) based on raw RCMs outputs compared to the ones estimated from observations was underestimated by more than 50 % (−87 mm results not shown here and ranging from -19 mm to -221 mm among the 52 stations) and with the application of the adjustment the underestimation dropped to 5 % (remaining average bias of 8-mm ranging from -04 mm to +25 mm among the 52 stations).
A substantial increase of the 2 % AEP is projected for all future periods. An average increase of over 40 % (over 65 mm) is projected from the average of the 10 RCMs under A1B scenario ranging from 9 mm to 175 mm among the 52 stations (Fig. 7 lower panels) . A similar but somehow smaller increase in average 2 % AEP is projected for the subsequent periods. Extreme daily precipitation of 2 % AEP could increase over 30 % (50 mm) for the 2041-2070 period (ranging from 18 mm to 230 mm among the 52 stations) and over 25 % (40 mm) during the 2071-2100 period (ranging from 36 mm to 236 mm among the 52 stations). Although average 2 % AEP is decreasing moving from 2010-2040 to 2041-2070 and 2071-2100, the 2 % AEP variability among the 52 station locations is continuously increasing. Figure 8 illustrates the spread of the results in the form of box plots. Results of 2, 3.3 and 5 % AEP, that correspond to 50, 30 and 20 years return period, respectively, from all 10 bias adjusted ENSEMBLES RCMs and for all 52 raingauges are summarized in this figure, for the three projection periods under A1B scenario. Mean, median and spread of modeled values (interquartile and minimum-maximum) for the baseline period are close to the corresponding from observations for all AEPs. The median of all projected AEP values is increasing with consecutive periods. The range of projections is also broader with higher minimum values and remarkably higher maximum.
Precipitation maxima were also expressed in terms of extreme percentiles and more specifically the 99.9-ile%. This percentile for a 30 years long time series of daily precipitation corresponds to a threshold of the 11 maximum values, roughly. The value of this percentile based on daily precipitation records of the 52 stations is described by an average of 89 mm ranging from 59 mm over central south Crete to 184 mm over Western Crete. The application of the bias adjustment had similar results to the 2 % AEP. The remaining bias of the average 99.9-ile% over the 52 stations dropped to about 1 % from an over 55 % average bias (−50 mm). Projections indicate a similar increase of the 99.9-ile% values of the order of 9, 8 and 7 % for the 2010-2040, 2041-2070 and 2071-2100 periods, respectively (Fig. 9) . The values Table 6 Decadal experiments: number of "wet" and "dry" years and number of "hot" and "cold" years range from a decrease of 2.5 mm to an increase of 27 mm among the stations.
Non-hydrostatic high-resolution RCMs experiments
Simulations for three storm events triggering flash flooding in different parts of Crete were performed by the modelling groups. The events were selected in terms of severity, data availability and location (Fig. 10) . A short overview of the events is presented in (Sobolowski et al. (2014) .
(i) November 17, 2006 -the Almirida basin flash flood event
The Almirida watershed is located in the northwest part of the island of Crete. The watershed covers an area of 25 km 2 and has a mean slope of 11.9 % with elevation ranging from 5 to 527 m above sea level. The mean annual precipitation is 648 mm. On 17 October, 2006, a frontal depression in the central Mediterranean moved eastward and crossed the island of Crete mid-day on 17 October 2006 (Tsanis 2008) . This depression caused a high intensity short duration heavy rainfall event resulting in a flash flood. Weather radar located less than 25 km from the watershed provided sparse reflectivity Fig. 9 Spatially interpolated (IDW) 99.9-ile% based on precipitation records of 52 stations (OBS), and average 99.9-ile% estimated from 10 bias adjusted RCMs for the control and three projection periods (2010-2040, 2041-2070, 2071-2100) , under A1B scenario and three projection periods (2010-2040, 2041-2070, 2071-2100) , under A1B scenario Fig. 7 Spatially interpolated (IDW) 2 % Annual Exceedance Probability using GEV based on precipitation records of 52 stations (OBS), and average AEP estimated from 10 bias adjusted RCMs for the control and three projection periods (2010-2040, 2041-2070, 2071-2100) , under A1B scenario data during the event due to power outages in the area (Daliakopoulos & Tsanis 2012) . The neighboring rain gauge of Souda Bay (16 km) recorded a maximum hourly precipitation of 25.2 mm and a daily gauge (Kalives) located just 3 km from the watershed recorded 220 mm, far exceeding the 1 % AEP (100 year return period) of the particular station . Hydrologic analysis showed that this flash flood event produced an estimated peak flow on the order of 120 m 3 /s (Tsanis et al. 2014) , which corresponds to a specific peak discharge of 5 m 3 /s/km 2 (Gaume et al. 2009 ). This extreme event led to the loss of one life and over € 1 M in damages in Almirida alone and a total damage toll of approximately € 3 M.
This storm event was simulated by the HCLIM, HAR-MONIE and WRF NHRMs. The location of the storm over Western Crete was adequately captured by all three models. Observed accumulated precipitation (up to 330 mm) for the three days 16-18 October 2006 was simulated more realistically by WRF model in terms of rainfall height. HCLIM and HARMONIE resulted in less rainfall compared to observations. The temporal evolution of the precipitation was captured by all models but more realistically in terms of rainfall amount by WRF, for the flood nearby area. Simulations of +2°C resulted to increased precipitation totals for the Souda-airport and Chania-Halepa stations that are located relatively close to the most impacted flood area. The relative increase for Souda station ranges from 12 to 58 % for total precipitation and from 18 to 210 % for hourly precipitation intensity depending on the model (Fig. 11) .
WRF simulation resulted to total precipitation of more than double in comparison to the HCLIM and HAR-MONIE models. HARMONIE model simulates 25 % more total precipitation at basin level for a warmer climate of 2°C, while HCLIM results to 17 % and WRF to 1 % ( Table 7) higher precipitation that would probably result to more severe flooding conditions. (ii) January 13, 1994 -the Giofiros basin flash flood event
The Giofiros basin is located in North-Central Crete and occupies an area of 186 km 2 . The Giofiros basin has a seasonal flow during the wet winter period (December to March), when the most of the mean annual rainfall of 827 mm occurs. On January, 1994, a frontal depression in the south-eastern Mediterranean moved eastward then north crossing the island of Crete ). On the 13 th January 1994 around 1500 UTC, the intensity of the light precipitation that saturated Giofiros soils during the previous days increased. The warm air mass with high dew point, southwest-northeast flow was primarily blocked by the Psiloritis Mountains' steep topography. The air mass was forced to higher elevations, cooled and produced high rates of precipitation of up to 37 mm/h at Ag. Varvara station (uphill). A maximum 5 h accumulated precipitation of 123 mm was recorded at 2100 UTC. This extreme rainfall eventually stopped at 2400 UTC and lasted almost 9 h, triggering a flash flood. The resulting flash flood had catastrophic impacts on the Giofiros basin. Houses located near the coast were flooded leaving 49 people homeless. The single most adverse effect of the flood was the damage caused to the city's wastewater treatment plant, which was still under construction at the time of the flood. Many of the concrete tanks were rendered inoperable or were completely destroyed by the force of the flood wave.
The location of the storm over central Crete was fairly captured by all three models. Observed accumulated precipitation (up to 200 mm) for the three days 12-14 January 1994 (Fig. 11) was underestimated by all models. HCLIM and HARMONIE resulted in less rainfall Fig. 11 shows the difference in the +2°C warming scenario as compared to the reference simulations. Especially for the uphill stations of the flood impacted watershed, simulations result to higher precipitation totals ranging from 5 to 55 % depending on station and model. All simulations resulted to similar total basin precipitation estimations of the order of 60 mm to 70 mm. HARMONIE model simulates 18 % more total precipitation at basin level for a warmer climate of 2°C, while HCLIM results to 64 % and WRF to 62 % higher precipitation Table 7 . The Ierapetra region, located in the Southeast of Crete is an area of high agricultural and tourism activity. The average annual precipitation (440 mm) is significantly lower compared to the western part of the island. The late autumn event of the 22th of November 2008 with an overall duration of 17 h affected mainly the eastern and central part of the island of Crete, causing extensive damage to property and infrastructure (Koutroulis et al. 2012) . The closest synoptic scale atmospheric system was a strong, closed, intense depression of 988 hPa centered over southern Serbia at 0600 UTC 22 November (time of flood event) with an extended effective radius of 5.28°and a depth of 6.4 hPa/degree (Iordanidou et al. 2013 ). This closed system moved over northern Greece at 1200 UTC 22 November with the same intensity and dissipated within the next few hours. The accumulated rainfall from a nearby station was 73.8 mm and the maximum 10 min recorded precipitation was 12.4 mm. Exceptional lightning activity was also recorded during the evolution of the storm. The location of the storm over eastern Crete was not captured the models. Rainfall (Fig. 11) was largely underestimated by all models. WRF model, although underestimated precipitation height, proved efficient in capturing the temporal evolution of the precipitation at the Ierapetra station located near the flood location. All simulations except WRF resulted to increase in total precipitation at watershed level estimations due to a warmer climate (Table 7) .
Conclusions
Despite limitations and uncertainties, this study uses climate change hydro-meteorological impact datasets developed in several European Commission funded projects, providing local water resources management authority with a glimpse into a very plausible future where the quantitative impact of changing climate on water availability and hydrological extremes can be substantial. These results were collectively reported to the local water managing authority trying to meet the information needs in the context of a user-provider interaction. Updated basin scale climate information was delivered to the user, information that is useful in prioritizing certain water resources related infrastructure development. A robust signal of water scarcity is projected for all the scenarios. According to the Water Directorate, the planned development policy of new water resources engineering is very closely connected with the growth of new irrigated areas leading to an increase of irrigation demand. The conclusion is that an alternative policy of development of new infrastructure should be adapted. This policy should not only give priority to the increase of irrigated areas, but should also assist in the practice of the existing irrigated areas with parallel evaluation of plans for newly irrigated areas. Long term projections indicate shorter precipitation periods around the winter season (combined with less evaporation) and higher precipitation events resulting to increased winter flows. It emerges that the inability to control large outflow quantities that runoff into the sea, despite recent improvements, remains a problem despite the growth of an abundance of infrastructure aiming to store winter spring and stream flows.
Regarding decadal projections, the coarse resolution of ESMs compared to the extent of the study area, cannot describe the local precipitation regime probably due to failure in capturing small scale processes. The bias is ranging from −55 to −70 % and could be caused by imperfections in sub-grid scale climate model conceptualizations. The relatively high correlation skill of specific models and the ability to capture the number of "wet" and "dry" years on average are encouraging for further investigation of decadal predictions. Dynamical downscaling of these experiments is proposed to be performed and evaluated for their applicability on short term management planning.
A robust increasing signal of daily precipitation maxima under A1B emission scenarios is projected from a set of 10 RCMs. Projected changes in precipitation extremes were communicated in terms of changes in Annual Exceedance Probability (AEP) based on annual maximum precipitation values and in terms of extreme percentiles and more specifically the 99.9-ile%. A substantial increase of the 2 % AEP (50 years return period daily precipitation maxima) is projected for all future periods by an average of almost 40 % (over 65 mm) ranging from 9 to 236 mm among the 52 stations analysed. Projections indicate a similar increase of the 99.9-ile% values of the order of 8 %.
Three present day extreme events over the island of Crete were simulating with the use of Non-hydrostatic high-resolution RCMs by the modelling groups of SMHI, UNI and KNMI. These events were also simulated under conditions of a warmer climate (+2°C). Simulations proved to be sufficiently efficient in realistic capturing historical storm events and thus valuable in impact modelling. Historical storm events over Crete, could produce significantly higher precipitation accumulations and intensities in a warmer climate.
Summarizing, the main findings that should be communicated are:
A robust signal of temperature increase and precipitation decrease is projected for all the pathways and scenarios resulting to a severe decrease of water availability. A promising sign of predictability from decadal prediction experiments that deserves further examination through dynamical downscaling. A significant increase of the 2 % Annual Exceedance Probability in maximum daily precipitation is projected for all future periods over the island of Crete. Non-hydrostatic high-resolution RCMs proved to be sufficiently efficient in realistic capturing storm events and thus valuable in impact modelling. Historical storm events over Crete could produce significantly higher precipitation accumulations and intensities in a warmer climate.
It is considered essential to resolve the increasingly severe water problems facing the island by implementing strategic policies using integrated water management systems. User tailored climate services together with the
